In Calabi-Yau fourfold compactifications of M-theory with flux, we investigate the possibility of partial supersymmetry breaking in the three-dimensional effective theory. To this end, we place the effective theory in the framework of general N = 2 gauged supergravities, in the special case where only translational symmetries are gauged. This allows us to extract supersymmetry-breaking conditions, and interpret them as conditions on the 4-form flux and Calabi-Yau geometry. For N = 2 unbroken supersymmetry in three dimensions we recover previously known results, and we find a new condition for breaking supersymmetry from N = 2 to N = 1, i.e. from four to two supercharges. An example of a Calabi-Yau hypersurface in a toric variety that satisfies this condition is provided. 
Introduction
In any attempt to make contact between string/M-theory and phenomenology, one has to explain why the world looks effectively four-dimensional. One possibility would be that the extra dimensions are compactified on a manifold too small to be noticed at low energies. Then, in turn, one has to face the problem that every parameter in the metric of the internal space shows up as a massless scalar field in the effective theory -contradicting experiment. One solution to this problem that has recently attracted renewed interest consists in turning on internal background values for p-form field-strengths in the higher-dimensional theory. This leads to a gauging of the supergravity in the low energy effective action and, quite generically, a potential for the scalars of the "no-scale" type is induced. 4 Thus at least some of the scalar fields become massive.
From a phenomenological point of view, compactifications with unbroken N = 1 supersymmetry in four dimensions seem most appealing in attempts to approach questions like the hierarchy or cosmological constant problem. At the same time, only N = 1 supersymmetry is consistent with a chiral particle spectrum. A scenario leaving this amount of supersymmetry in the context of flux compactifications was put forward in [1] . There, orientifolds of type IIB Calabi-Yau compactifications with 3-form flux were studied. 5 However, due to the presence of O3-planes (and possibly D3-branes), the derivation of the effective theory using the Kaluza-Klein procedure is not straightforward.
In this note we discuss an alternative, related setting: effective theories that are related to the type IIB orientifolds with 3-form flux, but have a more direct description as Kaluza-Klein compactifications. In particular, we consider elevendimensional supergravity on Calabi-Yau fourfolds with 4-form flux. Such compactifications preserve N = 2 supersymmetry in three dimensions, which is the same amount as N = 1 in four dimensions. The precise relation of these fourfold compactifications to IIB orientifolds can be established as follows. If the Calabi-Yau fourfold is elliptically fibered, the F-theory limit relates the fourfold compactification to type IIB compactified on the base of the elliptic fibration [10] . At particular loci of the moduli space the type IIB compactifications have a dual description as type IIB orientifolds [11] . Furthermore, the 3-form flux of the type IIB compactifications stems from the lift of the original 4-form flux [12, 13] .
One of the main questions in fourfold compactifications that we want to address is whether it is possible to break supersymmetry spontaneously from N = 2 to N = 1, i.e. from four to two supercharges. Our strategy to answer this question is the following. We will argue that the effective theories from compactifications of eleven-dimensional supergravity on Calabi-Yau fourfolds with 4-form flux are special cases of three-dimensional gauged supergravities, where some Peccei-Quinn (PQ) symmetries are gauged (in the case of the fourfold compactifications these PQ symmetries stem from the gauge symmetries of the 3-form). Using the general results of [14] about three-dimensional gauged supergravities it is then straightforward to find a condition for partial supersymmetry breaking.
The effective theories from Calabi-Yau fourfold compactifications of elevendimensional supergravity with 4-form flux were previously considered in [15, 16, 12, 13, 17, 18, 19, 2] . In [15] , conditions on the flux for preserving N = 2 supersymmetry were derived. In particular, only a primitive flux of type (2, 2) preserves N = 2. It was argued in [12] that this condition can be encoded in two superpotentials, whereas it was shown in [18] that the potential resulting from a Kaluza-Klein reduction involves one superpotential and a further contribution expressed via a real function closely related to the proposed second superpotential of [12] . We show that the correctness of the potential found from Kaluza-Klein reduction in [18] is confirmed by the general N = 2 gauged-supergravity potential given in [14] . More precisely, we consider the complete bosonic part of the action for a threedimensional supergravity with gauged PQ symmetries, in a form that is related to the one derived in [14] by a redualization of the PQ scalars to vectors. The redualized form is well suited for the comparison with the theories from fourfold compactifications with fluxes.
The potential was used in [2] to show that a flux proportional either to the holomorphic 4-form Ω (and its complex conjugate) or the square of the Kähler form J of the Calabi-Yau classically leads to a vanishing cosmological constant, despite the complete (spontaneous) breaking of supersymmetry. This feature had been noticed before in [12] (for F 4 ∼ Ω + c.c.) and [19] (for F 4 ∼ J ∧ J). Here we further investigate the issue of supersymmetry breaking, and find that it is possible to obtain partial breaking from N = 2 to N = 1 by turning on a certain combination of both of these fluxes, i.e. F 4 = F J ∧ J + (F Ω + c.c.). These threedimensional N = 1 vacua might be interesting due to Witten's proposal to explain the vanishing of the cosmological constant by considering our four-dimensional world to be described by the strong coupling limit of an N = 1 supersymmetric three-dimensional theory [20] .
The article is organized as follows. In section 2 we start with a summary of relevant facts about three-dimensional gauged supergravity with N = 2, i.e. four supercharges) [14] . This theory is formulated with all vectors dualized to scalars, such that the bosonic spectrum contains only scalars from chiral multiplets as dynamical degrees of freedom. In order to make contact with the effective theory from Calabi-Yau fourfold compactifications, we then specialize to the case that some of the scalars have a PQ symmetry, which is the symmetry that is gauged. For this special case we perform a (re-)dualization of the PQ scalars to vectors and derive the general form of the bosonic part of the effective action. Furthermore, we discuss the condition for unbroken N = 2 and N = 1 supersymmetry. In section 3 we compare the general form of the gauged supergravities discussed in section 2 to those from Calabi-Yau fourfold compactifications of eleven-dimensional supergravity. We start by reviewing the case without 4-form flux, discussed before in [21] . As opposed to [21] however, here we express the effective action through both chiral and vector multiplets to make contact with the results in section 2. The reason is that it is in these coordinates that the flux-induced potential can be expressed most easily. This is done in the following subsection, where we turn on 4-form flux. We generalize the analysis of [18] by including the moduli from expanding the 3-form in a basis of 3-forms on the Calabi-Yau, finding that the potential is not modified in this case. Furthermore, we make some observations about the range of validity of our derivation. We end section 3 with a discussion of partial supersymmetry breaking to N = 1, specializing the general condition from section 2 to the case at hand. By giving a concrete (toy) example we show that it is indeed possible to fulfill this condition. Finally, an appendix contains some more details on the search for an example of partial supersymmetry breaking.
The gauged supergravity
In this section, we first review the general form of N = 2 gauged supergravity in three dimensions as given in [14] , generalizing the abelian U(1) gaugings of [22, 23] . We then turn to gauge groups that are exclusively generated by translational (Peccei-Quinn) symmetries of the scalar target space and show that these theories admit a dual formulation in which the PQ scalars are redualized into vector fields. From the supersymmetry transformation rules, we eventually derive the conditions of N = 1, 2 preserved supersymmetries at a stationary point of the scalar potential.
d = 3, N = 2 supergravity
We start from the formulation of ungauged d = 3, N = 2 supergravity in which all vector fields are dualized into scalars. The total scalar target space is a Kähler manifold which we parametrize by complex coordinates {φ i , φī} with the metric derived from the Kähler potential g iī = ∂ i ∂īK . An isometry is described by a holomorphic vector field ∂īX j = 0, satisfying
Gauging a subgroup of isometries that is generated by a basis {X j A } corresponds to defining space-time vector fields A A µ via the duality equation
2) 6 We take the signature of the space-time metric to be (+ − −). The ǫ µνρ is defined to transform as a tensor, i.e. ǫ 123 = e, ǫ 123 = e −1 . Our curvature conventions are
and minimally coupling them to the scalar fields by means of a constant symmetric matrix Θ AB as
3)
The duality equation (2.2) consistently implies the scalar equation of motion as integrability condition. Supersymmetry further requires the introduction of fermionic mass terms, a Chern-Simons term for the vector fields that gives rise to (2.2) as field equation, and a scalar potential. The gravitino mass tensor is given by
with T ≡ P A Θ AB P B , where the real function P A is the momentum map associated with the isometry X i A
The gauging is uniquely determined by the choice of Θ AB up to the superpotential W which is an arbitrary holomorphic function of the scalar fields, subject to
with the Kähler covariant derivative
The complete bosonic part of the Lagrangian is given by
with a scalar potential
Summarizing, the gauged deformation of the N = 2 supergravity is uniquely determined by the constant matrix Θ AB describing the minimal coupling (2.3), and a holomorphic superpotential W satisfying (2.6). It further induces fermionic mass terms as well as a Chern-Simons term and the scalar potential in the Lagrangian. Note that after gauging, the scalar fields may in general no longer be redualized into vector fields.
Redualizing
Let us now specialize this construction to gauge groups that are generated by translational symmetries of the scalar target space. As it turns out, in these theories the charged scalar fields may be redualized into vector fields and completely removed from the Lagrangian. Their removal turns the formerly nonpropagating vector fields into physical fields that appear with a Yang-Mills kinetic term and an additional Chern-Simons coupling in the Lagrangian. These are the theories that describe the compactifications of eleven-dimensional supergravity on Calabi-Yau fourfolds with background fluxes.
We introduce the following split of scalar fields 9) and define the real components ϕ A = ℜφ A ,φ A = ℑφ A . We now assume that the Kähler potential does not depend on theφ
In particular, this implies that 
G AB . The partial derivatives ∂ A here always refer to real derivatives w.r.t. the field ϕ A in (2.10). To avoid confusion, small g will always refer to the metric obtained from the original Kähler potential K in the completely dualized picture in which everything is expressed in chiral multiplets.
The geometry described by (2.10) is invariant under shifts inφ A , i.e. the metric (2.11) admits a set of "elementary" isometries, labelled by a subscript B, which are generated by the constant imaginary vector fields 12) in the basis (2.9). From (2.5) we find that the associated momentum map is given by
The most general gauging of these shift isometries is described by a constant matrix Θ AB such that the covariant derivatives become
where the vector field is defined by the duality equation (2.2)
Let us assume that the submatrix G AB of g iī is separately invertible with inverse G AB . Then ∂ ρφB may be expressed in terms of F A µν , and we derive that
That is, the scalar fieldsφ A can be eliminated from all equations of motion. In turn, the vector fields now satisfy a second order field equation which may be derived from the Lagrangian
The remaining kinetic terms of the Lagrangian after redualization are given by
Defining new real coordinates
the complete Lagrangian after redualization then takes the form
with the scalar potential V from (2.8) above and the metric
To clarify the last equation, we note that the inverse of g i (2.11) is given by
where g ab = g ab − 2g aA G AB gb B −1 . Hence, the metrics which appear in the kinetic terms of the dualized Lagrangian (2.16) are not part of the blocks of the original Kähler metric (2.11) or its inverse (2.17), but are instead given by
We should emphasize that these metrics as well as the mixed coupling in the dualized Lagrangian (2.16) can all be expressed via a "kinetic potential"K(φ α , M A ) as
whereK is given bỹ
Moreover, the original Kähler potential K can be recovered fromK as
The scalar potential V in (2.16) finally is expressed in terms of T and a holomorphic function W . From (2.13) we find that the consistency constraint (2.6) is simply equivalent to assuming that W = W (φ α ) is a holomorphic function of the fields φ α only. In the new coordinates (φ a , M A ), the potential (2.8) simplifies to 
Summarizing, we have seen that in the special case of a gauging of the PecceiQuinn symmetries associated with some of the scalar fields, these fields may be dualized into vector fields. In the dual picture the physical fields are the complex scalars φ a , the real scalars M A , and the vector fields A A µ ; their dynamics is described by the Lagrangian (2.16) with scalar potential (2.21) . This may be viewed as a deformation of the Lagrangian L g=0 that is triggered by the Chern-Simons term for the vector fields (which encodes the constant matrix Θ AB ) whose supersymmetrization then induces the fermionic mass terms and the scalar potential. Again, this deformation is unique up to the choice of the holomorphic superpotential W .
A noteworthy property of the dualized Lagrangian is the appearance of the kinetic potentialK in the kinetic terms of (2.16), whereas the part of the potential (2.21) derived from a superpotential still involves the old Kähler potential K, both via the overall factor e K and the Kähler covariant derivatives. Let us remind the reader that a similar situation occurs in D = 4 in an ungauged theory with both chiral and linear multiplets. (The latter become vector multiplets in a reduction to three dimensions and therefore the similarity is no accident.) Namely, consider the D = 4 theory described by a Kähler potential [24, 25] 
where φ a denote the (complex) scalars from the chiral multiplets, L is one (real) scalar from the linear multiplet, and α is an arbitrary constant. 7 The motivation to look at this special form of the Kähler potential in D = 4 comes from the fact that it is exactly what one needs to describe the linear dilaton multiplet in heterotic string models. The effective action of the linear multiplet coupled to chiral multiplets involves another real function of the φ a , the 'linear potential' V (φ a ,φā). In the context of the heterotic string this encodes the (non-holomorphic) threshold corrections to the gauge coupling and in the present context it is the analog of ϕ in (2.19). More precisely, defining the kinetic potential
the bosonic part of the Lagrangian including a potential derived from a superpotential takes the form [24] e 25) where the covariant derivatives D a W = (∂ a + K a )W involve the old Kähler potential. 8 Taking into account that (2.20) implies
the similarity between (2.25) and (2.16), (2.21) is obvious, up to the terms depending on Θ AB which correspond to the gauging in three dimensions.
Supersymmetry breaking
The fermionic part of the Lagrangian (2.16) and supersymmetry transformation rules may be extracted from [14] upon eliminatingφ by means of (2.14). Here, we restrict to giving the supersymmetry variation of the gravitino, which is sufficient to determine the conditions of N = 1, 2 preserved supersymmetries at a stationary point of the scalar potential. From [14] , we infer that
where the index I = 1, 2 labels the supercharges and ε IJ is the antisymmetric tensor ε 12 = 1. The Killing spinor associated with a supersymmetric ground state of the potential (2.21) (at which we may set ∂ µ φ i = 0 = A Aµ ) is then given by tensoring a three-dimensional AdS/Minkowski Killing spinor with an eigenvector of A 1 . Vanishing of (2.26) imposes the relation g|λ| = √ −V 0 between the corresponding eigenvalue λ of A IJ 1 and the value of the potential V 0 at the critical point. With the eigenvalues of (2.4) given by
this condition translates into
In order to preserve the full N = 2 supersymmetry, i.e. satisfy this equation for both λ + and λ − , both sides of this equation must vanish, thus implying the conditions
This obviously also implies stationarity of the potential (2.21) as well as vanishing of the cosmological constant. For an extremum with N = 1 supersymmetry, it remains to reconcile stationarity of (2.21) with the condition (2.27) for one choice of sign. As a special case, we may consider the positive definite potential (2.22), for which V 0 = 0 is a sufficient condition for a minimum. The latter is equivalent to 29) while the condition (2.27) in this case reduces to
The two conditions (2.29), (2.30) are necessary and sufficient for the existence of a minimum with N = 1 supersymmetry and vanishing cosmological constant in the positive definite potential (2.22).
Kaluza-Klein reduction
In this section we want to make contact between the general discussion of the previous section and Calabi-Yau fourfold compactification of eleven-dimensional supergravity. We start by reviewing the case without flux and then consider the modifications in its presence. Without flux the reduction leads to an ungauged supergravity, whose scalar manifold has some PQ symmetries. These are then gauged by turning on the flux.
Compactification without flux
The compactification without flux was investigated in [21] . 9 The starting point is the eleven-dimensional supergravity with (bosonic) Lagrangian [26] 
where we have adapted the signs to our conventions. The (bosonic) spectrum only consists of the metric and a 3-form gauge field. The Lagrangian (3.1) is the leading order contribution in a derivative expansion. One of the next-to-leadingorder terms in this expansion reads [27, 28] 10 e −1 L
with
and T 2 ≡ (2π) 2/3 (2κ 
the term (3.2) potentially induces a tadpole-term for the three-form A 3 in compactifications on Calabi-Yau fourfolds with non-vanishing Euler number χ, which would render the resulting vacuum inconsistent [29] . However, the coefficient of the tadpole term gets further contributions from space-time filling membranes, non-trivial F 4 -flux [15, 29, 30] or M5-branes wrapped around three-cycles in the Calabi-Yau [16] . As we do not consider any space-time filling membranes or wrapped M5-branes here, the relation 1 4κ
has to hold for consistency. Postponing the discussion of non-trivial flux to the next section, we have to consider fourfolds with χ = 0 for the moment.
Let us now discuss the three-dimensional bosonic spectrum. Compactifying on a Calabi-Yau fourfold, from the metric one gets a graviton, h 1,1 (Y 4 ) Kähler moduli and h 3,1 (Y 4 ) complex structure moduli Z α . As we are interested in discussing the large volume expansion later on it is convenient to use rescaled Kähler moduli making the dependence on the constant background volume explicit. Thus the volume of the Calabi-Yau is given by
where V 0 is the background volume andṼ depends on the rescaled Kähler modulĩ M A . Furthermore, one expands the 3-form .7) because only for fields so defined, the kinetic terms stemming from the reduction of the eleven-dimensional supergravity action are of the same order in the background volume for all the scalars and vectors.
In order to derive the low energy effective action one has to take into account that the Hodge decomposition H 3 (Y 4 ) = H 1,2 (Y 4 ) + H 2,1 (Y 4 ) depends on the complex structure. The basis Ψ I of (2, 1)-forms can locally be chosen to depend holomorphically on the complex structure or, in other words,
The derivative ∂ Z α Ψ I can be expanded into (1, 2)-and (2, 1)-forms with complexstructure dependent coefficient functions σ and τ
Using this when inserting (3.7) and the usual product ansatz for the metric into (3.1), the three-dimensional effective Lagrangian takes the form
11 Here we performed a Weyl-rescaling g µν →Ṽ 2 g µν and a further rescaling of the Kähler moduli similar to the one in [18] 
The corresponding action is given by κ 11 ). Let us explain the notation in (3.10). 12 The scalar sigma-model is described by the three metrics G αβ , G AB and G IJ . The Zamolodchikov metric G αβ on the complex structure moduli space is Kähler with Kähler potential
where Ω is the (4,0)-form of Y 4 . Similarly, the metric on the Kähler moduli space is given by the second derivative of a real function
where
being a rescaled Kähler form and
the quadruple intersection numbers. Also
where we have used the definition
Furthermore, we introduced the abbreviations
Let us next make contact with the formulas of the previous chapter. To do so we have to express (3.10) in the adequate variables, i.e. the chiral fields should be those appearing also in the dualized version without vector multiplets, and the scalars from the vector multiplets should obey (2.15). The correct Kähler coordinates in the dualized theory were determined in [21] . In the case without flux, the dualization can be performed explicitly by adding a Lagrange multiplier term
12 Note that the notation slightly differs from [21] in order to be consistent with the notation of section 2. 
Here we have defined a variant of (3.14) which is independent of the Kähler moduli, 20) where all c A can be chosen to be equal to 1, and
Furthermore, the ω A IK are functions of Z α andZᾱ which have to obeȳ 22) but are otherwise unconstrained. In terms of these coordinates the Kähler potential is given by
where K CS and K K are given in (3.11) and (3.12) and have to be expressed in terms of the Kähler coordinates φ i . Doing so one realizes that K indeed does not depend on the ℑ(φ A ). Now one can show that 24) which indeed coincides with the general formula (2.15). 13 Hence the appropriate variables for making contact with the last chapter are φ a = (Z α ,N I ) and (M A , A A µ ). In the new coordinates the 'covariant' derivatives (3.16) become 25) as can be seen from
13 Notice that K in (3.23) only depends on the real part
Plugging them into (3.10) one can read off G ab (which will be given below, in (3.38)). Moreover, from (2.19) and (3.19) we see that the kinetic potentialK is given by
Indeed, one can show
and
where, again, first one has to express the left hand side through the actual Kähler coordinates (3.18) . Using these formulas in (3.10) shows that the low energy effective Lagrangian L 0 is indeed of the form (2.16), taking into account (2.18). Let us finally mention that it is straightforward but rather tedious to verify the relations (2.17) and (2.14), in the ungauged case.
Inclusion of 4-form flux
In this section we consider the effects of turning on a background flux for the 4-form F 4 . The case h 2,1 (Y 4 ) = 0 was already discussed in [18] and here we show that the same result (and calculation) still holds in the general case including the (2,1)-moduliN I . Let us remind the reader that in order to calculate the potential in a CalabiYau fourfold compactification with 4-form fluxes one has to take into account also one of the higher-derivative terms of the eleven-dimensional theory. Only some of them are known explicitly at the moment of writing. 15 There is a term 30) where b
13 and
The tensor t is defined by t
2 for antisymmetric tensors A, and E 8 is an eleven-dimensional generalization of the eightdimensional Euler density. More generally one can define [33] 32) where D denotes the real dimension of the manifold. Then E 8 (Y 4 ) is proportional to the eight-dimensional Euler density, i.e. 12b 1
Thus in a Kaluza-Klein reduction on a Calabi-Yau fourfold the E 8 -term in (3.30) contributes to the potential of the three-dimensional effective theory, as has first been noted in [34] . On the other hand, the integral of J 0 over the Calabi-Yau vanishes to lowest order in κ 11 , i.e. for the Ricci-flat metric [35] . In [18] it was shown that the contribution of the Euler-term combines with the one from the kinetic term of the 4-form to give the potential of the effective theory to lowest order in the large volume limit. Other possible contributions to the potential might come e.g. from (a yet unknown) F 2 4 R 3 -term. However, this would be suppressed in the large volume limit as compared to the contributions of |F 4 | 2 and E 8 . We will come back to a discussion of the limit we are considering at the end of this section.
Repeating the calculation of [18] in the case with h (2,1) = 0, we see that a background flux F 4 leads to the appearance of a potential and a Chern-Simons term that was first noted in [16] . This was to be expected also from the general discussion in chapter 2, cf. (2.16). Thus (3.10) gets corrected by
. The potential is given by
where the Kähler potential of the gauged theory is the same as the one of the ungauged theory given in (3.23). Furthermore, D α = ∂ α + (∂ α K) and the superpotential W resp. the function T are defined as
Finally, the coefficients of the Chern-Simons term are given by
As we already said the potential is exactly the same as the one calculated in [18] without the (2, 1)-moduli, as it only gets contributions from the kinetic term of the 3-form and the higher derivative term (3.31). Moreover, the form of the potential (3.35) is perfectly consistent with the general formula (2.21). Obviously the first line of (2.21) corresponds the last two terms in (3.35) . Furthermore, the last term of (2.21) vanishes, leading to a no-scale potential. Finally, to verify that the first term in the second line of (2.21) corresponds to the first term in (3.35) , we notice that D I W = 0 and that the metric G ab has the form
where we have defined
The inverse metric is thus given by
As the (β, α)-subsector of Gb a is just given by Gβ α , as in the case without the (2, 1)-moduliN I , we see that indeed (3.35) is consistent with (2.21). Let us now comment on the kind of expansion we are making, i.e. the range of validity of (3.34) . First of all we are considering the large volume limit, i.e. V 0 ≫ 1. However, we also have to restrict the choice of the fourfold, in order to end up with (3.34) as the effective theory. For the Chern-Simons term and the potential to remain at leading order in the large volume limit, we have to consider Calabi-Yau fourfolds with large Euler number χ. From (3.5) it is clear that the flux is of the order of the square root of the Euler number, F 4 ∼ χ 1/2 . Thus for χ ∼ V 0 the Chern-Simons term and the potential are of the same order as the terms in L 0 . A second condition on the Calabi-Yau comes from the fact that we want to neglect all other contributions from higher derivative terms that are not contained in (3.34) . As was observed in [18] , the term (3.30) leads to a correction to the three-dimensional Einstein-Hilbert term, due to the fact that
where E 2 (M 3 ) = 2R. More precisely, before the Weyl-rescaling the three-dimensional Einstein-Hilbert term gets corrected to
for some constant a. Here we have used the Kähler coordinatesM A of (3.6) again, i.e.J =M A e A . It can be shown that
where c 3 is the third Chern class. Thus the correction term in (3.42) is the analogue of the correction to the Einstein-Hilbert term proportional to the Euler number found for Calabi-Yau threefold compactifications in [34] . There it was shown that the kinetic terms for the moduli get a similar correction. Also in our case we expect corrections to the kinetic terms
, at least for the geometrical moduli. 16 In order for these corrections to be negligible in the large volume limit, we have to demand that the invariants (3.43) are small for the Calabi-Yau fourfold, which in addition should have a large Euler number. In [16, 36] the invariants (3.43) are given for some examples, showing that this requirement is a rather strong constraint. We have, however, found examples in which they are considerably smaller than the Euler number.
Two further comments are in order here. First, it was found in [15] that a non-vanishing 4-form background in general necessitates generalizing the metric ansatz to a warped product. As argued in [17] , the warp factor becomes trivial in the large volume limit. Here we are not considering any extended objects like space-time filling membranes or wrapped fivebranes, so the large volume limit is not obscured by the warp factor blowing up close to such sources, hence we have been working with the warp factor set to one. However, we also explicitly checked that the contributions of the warp-factor coming from the Einstein-Hilbert term and from the kinetic term of the 4-form in the compactification cancel against each other.
17
Second, in the presence of a 4-form flux also the expansion of the higher dimensional fields into harmonic forms, cf. (3.7), requires justification. The motivation to expand into harmonic forms in the case without flux is that they lead to zero-modes of the relevant mass operator. However, this is no longer true in the presence of fluxes. This is another way of saying that some of the former moduli become massive. Similarly to the case of the type IIB compactification on a T 6 -orientifold with fluxes discussed in [38] , it can be argued here that the ratio of the masses due to the flux and those of the Kaluza-Klein fields is (m flux : m KK ) ∼ (R −4 : R −1 ), with R the (dimensionless) 'average' radius of the Calabi-Yau.
18 Thus in the large radius limit the flux-induced masses are small compared to the Kaluza-Klein masses, and it is justified to keep only the modes coming from an expansion into the harmonic forms in the low energy effective action.
Supersymmetry breaking
The conditions for unbroken N = 2 supersymmetry in a Calabi-Yau fourfold compactification with fluxes were analyzed in [15] . There it was found that the flux 16 For the (2, 1)-moduli this would require an F 2 4 R 3 -term. 17 In a compactification of type IIB with fluxes the effects of the warp factor are discussed in [37] . 18 See also the discussion in [39] .
has to be of type (2, 2) and primitive, i.e. F 4 ∧ J = 0. Taking into account (3.36) this is perfectly consistent with our general discussion (2.28).
The case of N = 1 has not been discussed in the literature so far. The potential (3.35) is positive definite and can be written as [2] 44) with the 'covariant' derivative .22) . Therefore the condition for unbroken N = 1 can be read off from (2.30) to be
If this is fulfilled for non-vanishing T and W , supersymmetry is spontaneously broken to N = 1. To be more precise, it was noted in [12, 19] that fluxes of type 
where we have used the Lefschetz decomposition of a general (2, 2)-form flux
with primitive (p, p)-forms F
p,p . Thus we see that neither a flux F 4 ∼ J ∧ J nor F 4 ∼ Ω + c.c. enters in the potential. Given a (locally constant) flux F 4 , its expansion into (p, 4 − p)-forms depends on the complex structure and Kähler moduli. Minimizing the potential (3.46) restricts the moduli space to the subspace, where F 4 can be expanded as
By writing F 4,0 =F Ω the condition (3.45) becomes
Note that (3.45) is scale-invariant. Thus if there is one point in moduli space at which supersymmetry is broken to N = 1, then this is true irrespective of the volume V. This is in accordance with (3.49) despite the explicit appearance of the volume on the right hand side, because the coefficient F has to scale like V −1/2 in order to leave the flux (3.48) constant.
Example
We now give an example which makes it plausible that it is indeed possible to fulfill the condition (3.49). For simplicity we take the following ansatz for the 4-form flux
thus discarding any contribution from primitive (2,2)-forms. The Calabi-Yau fourfold is taken from [40] . 19 It is a hypersurface X in a weighted projective space, whose weights can be found in the (last row of the) table of appendix A. The non-trivial Hodge numbers are given by
Thus X has Euler number
The fact that the Euler number is divisible by 24 implies that H 4 (X, Z) is an even lattice. 20 Moreover, it was shown in [41] that the flux in general has to fulfill
, where p 1 is the first Pontryagin class. 21 In case χ is divisible by 24 this implies F 4 /2π ∈ H 4 (X, Z). The way we want to ensure this is by demanding that J, ℜ(Ω) and ℑ(Ω) are all integral themselves and by using integral coefficients F,F in the expansion (3.50).
Thus we assume that we are at a point in moduli space of complex structure where both ℜ(Ω) and ℑ(Ω) are integral. As in the case at hand H 4 (X, Z) is an even lattice, 
= F J 2 + (F Ω + c.c) and using (3.49) leads to the two conditions
Assuming r = 1 and choosing the Kähler moduli Thus we see that at this special point in moduli space, the flux
is in H 4 (X, Z), fulfills the tadpole condition and breaks supersymmetry from N = 2 to N = 1.
Strictly speaking the values (3.58) for the Kähler moduli are outside the range of validity of our effective theory (which is at large volume), because some of the Kähler moduli vanish. As this means that some of the two-cycles of the CalabiYau shrink to zero size, one generically expects new light degrees of freedom from membranes wrapped around these vanishing cycles. This problem is due to our special Ansatz for F 4 . To ensure integrality of
, we demanded that J, ℜ(Ω) and ℑ(Ω) are all integral themselves. Relaxing this requirement would certainly allow for partial supersymmetry breaking within the range of large volume.
Let us look at bit closer at this issue. Giving up the demand for an integral J and requiring only F J 2 ∈ H 4 (X, Z), shows that one is free to rescale all Kähler moduli by a common factor √ λ (and thus rescaling the volume V by λ 2 ) if one rescales F by λ −1 at the same time. This corresponds to the observation made below (3.49). However, even then some of the Kähler moduli remain at zero. Thus to avoid this problem one should give up also the requirement that F J 
A Search for an example
To satisfy the N = 1 condition (3.49) with r in (3.55) being unity, we need a Calabi-Yau fourfold with an Euler number χ divisible by 24 and 224, and a volume V which is such that χ/(504V) is a square integer for some values of the Kähler moduli (cf. (3.57) ). For example, for χ = 2016, this means V can be 1 or 4. If none of these special volume values can be obtained for integral Kähler moduli M A , the Calabi-Yau manifold does not satisfy the N = 1 condition (3.49) given tadpole cancellation and the integrality assumptions of section 3. Now, in the tables [40] of Calabi-Yau fourfold hypersurfaces in toric varieties, the Euler number and a few other properties are explicitly given. To compute the volume V in terms of the Kähler moduli, one also needs intersection numbers of the corresponding divisors, and for this one needs to desingularize the toric variety. This is done by triangulating the corresponding polytope (see for instance [44] for a review). Triangulating our way through the tables [40] in order of increasing number of points in the polytope and increasing h (1, 1) , it turns out that three of the candidate toric varieties we tried (indicated in [40] . The number of points in the M and N lattices are given; the N-lattice polytope is the one that is triangulated.
